Late life disability is a highly devastating condition affecting 20% or more of persons aged 65 years and older in the USA; it is an important determinant of acute medical and long-term care costs which represent a growing burden on national economies. Disability is a multifactorial trait that contributes substantially to decline of health/wellbeing. Accordingly, gaining insights into the genetics of disability could help in identifying molecular mechanisms of this devastating condition and age-related processes contributing to a large fraction of specific geriatric conditions, concordantly with geroscience. We performed a genome-wide association study of disability in a sample of 24,068 subjects from five studies with 12,550 disabled individuals. We identified 30 promising disability-associated polymorphisms in 19 loci at p < 10 −4 ; four of them attained suggestive significance, p < 10 −5 . In contrast, polygenic risk scores aggregating effects of minor alleles of independent SNPs that were adversely or beneficially associated with disability showed highly significant associations in meta-analysis, p = 3.13 × 10 −45 and p = 5.60 × 10 −23 , respectively, and were replicated in each study. The analysis of genetic pathways, related diseases, and biological functions supported the connections of genes for the identified SNPs with disabling and age-related conditions primarily through oxidative/ nitrosative stress, inflammatory response, and ciliary signaling. We identified musculoskeletal system development, maintenance, and regeneration as important components of gene functions. The beneficial and adverse gene sets may be differently implicated in the development of musculoskeletal-related disability with the beneficial set characterized, e.g., by regulation of chondrocyte proliferation and bone formation, and the adverse set by inflammation and bone loss.
Introduction
The recent demographic transition from high to low birth/death rates resulted in population aging worldwide. According to the World Health Organization (WHO), the proportion of individuals aged 60 years or older is expected to increase from 900 million (12%) in 2015 to 2 billion (22%) in 2050. About 80% of such persons are projected to be living in low-and middleincome countries. Age-related processes are among the most important risk factors for diseases (e.g., cardiovascular diseases [CVD] , cancer, Alzheimer's disease), chronic conditions (e.g., hearing loss, cataracts, arthritis), disability, and frailty (Guarente 2011; Jitapunkul et al. 2003; Zhavoronkov and Moskalev 2016) .
In the USA, nearly 20% of the elderly (aged 65+ years) had chronic disabilities in 2004/2005 . Chronic disability is broadly defined as difficulty or dependency in carrying out activities essential to independent living, including essential roles, tasks needed for self-care and living independently in a home, and desired activities important to the individual's quality of life (Adams et al. 1999; Pope and Tarlov 1991) . Chronic disability in late life is an important determinant of acute medical and long-term care costs which represent a growing burden on national economies (Okoro et al. 2018; Trupin et al. 1995) .
Dealing with population aging requires strategies that could extend health span by compressing late life morbidity and disability while extending the life span (Fries 1980; Manton 1982; Robine 2003; Stallard 2016; Stallard 2019) . Identifying the genetic architecture of factors contributing to these processes could yield major breakthroughs in advancing the understanding of biological mechanisms of successful aging. Progress in genome-wide sequencing has created the potential for discovering genes influencing various health-related traits. The vast majority of such studies focus on the genetic bases of different traits assuming that they have independent mechanisms. As conceptualized by geroscience (Kaeberlein et al. 2015) , age and aging are major risk factors of geriatric traits of distinct etiologies (Franco et al. 2009; Olshansky et al. 2007; Sierra et al. 2008) . Accordingly, the same mechanisms can predispose not to just one, but to a large fraction of geriatric conditions (Franceschi and Garagnani 2016; Martin 2007) .
One strategy to identify the common genetic architecture of various traits is to search for pleiotropic variants (Kulminski et al. 2016; Kulminski et al. 2019; Pickrell et al. 2016; Visscher and Yang 2016 ). An alternative strategy is to attempt to discover the genetic architecture of complex multifactorial traits contributing substantially to decline of health and wellbeing, such as disability. The few studies to date of the genetic architecture of disability have been mostly limited to specific conditions and factors such as physical performance, anthropometry, and muscle strength (Garatachea and Lucia 2013; Heckerman et al. 2017) . To address this critical gap in the literature, we perform a genome-wide analysis of the genetic predisposition to disability using a more comprehensive definition based on impairments in any of four basic activities of daily living (ADL): bathing, dressing, getting out of bed, and walking (Katz and Akpom 1976) . These ADLs represent the primary musculoskeletal components of late life disability. We will separately address the other components (e.g., cognitive) in future analyses.
Methods

Study cohorts
We use data from five large-scale studies (Table 1) (Fried et al. 1991) , the Framingham Heart Study (FHS) (Cupples et al. 2009 ), and the Health and Retirement Study (HRS) (Juster and Suzman 1995) . We used data available for participants of the FHS original and offspring cohorts who had information on disability. The analyses focused on subjects of European ancestry.
Disability
Disability in the WHI, CHS, FHS, and HRS was measured using the ADL scale which included individual's daily self-care activities, such as bathing, dressing, eating, getting out of bed, and walking (Katz and Akpom 1976) . If an individual reported problem executing an activity during follow-up, the individual was considered having an impairment in performing that activity. We created a composite binary index of disability as having at least one of four ADL impairments (bathing, dressing, getting out of bed, and walking) vs. none of them, to better capture the multidimensional concept of disability. Because disability was reported at multiple examinations in these studies, we defined the control variable Bage^using age at first report of disability in the disabled (case) group and average age over the entire follow up in the non-disabled (control) group. All individuals in our study were 50 years or older (WHI and HRS ≥ 50, FHS ≥ 60, and CHS ≥ 65).
Genotypes
Genotyping was performed using the same customized Illumina iSelect array (the IBC-chip,~50 K single nucleotide polymorphisms [SNPs]) in the FHS and CHS cohorts, Affymetrix 500 K and 50 K chips in the FHS, Illumina HumanCNV370v1 chip (370 K SNPs) in the CHS, Illumina HumanOmni 2.5 Quad chip (~2.5 M SNPs) in the HRS, Illumina HumanOmni1-Quad_v1-0_B chip (1 M SNPs) in WHI GARNET, and Illumina HumanOmniExpress-12v1 chip (706 K SNPs) in WHIMS. To facilitate cross-platform comparison, we imputed about 2.5 M autosomal SNPs in FHS and CHS. Genome coordinates of SNPs in our data (NCBI build 38/UCSC hg38) were lifted over to NCBI build 37/UCSC hg19 using liftOver software (Hinrichs et al. 2006 ). After removing duplicate SNPs, pre-imputation QC was performed using PLINK (Purcell et al. 2007) to remove low-quality SNPs/subjects by setting the following QC criteria: minor allele frequency (MAF) < 5%, SNPs and subject call rates < 95%, Hardy-Weinberg disequilibrium p values < 10 −6 . Because the FHS has family-based designs, a Mendel error rate of 2% was set to remove SNPs and subjects/ families with high Mendelian errors. Strand alignment was checked using the SHAPEIT2 (i.e., Segmented Haplotype Estimation and Imputation Tool) package (Delaneau et al. 2011) to ensure that allele calls are consistent between our and reference data. Haplotype phasing was then conducted using SHAPEIT2 to estimate the haplotypes for subjects in each dataset. Finally, genotypes were imputed by Minimac3 software (Das et al. 2016 ) over pre-phased haplotypes. SHAPEIT2 and Minimac3 were run using default values for input arguments and European population (EUR) haplotypes from 1000 Genomes Phase 3 data as the reference panel. Only high-quality imputed SNPs (with squared correlation r 2 > 0.8 between imputed and expected true genotypes) were retained. Directly genotyped and imputed SNPs were then subject to post-imputation QC using the same criteria as above with the exception of retaining directly genotyped SNPs with MAF > 2%.
Genome wide association study and meta-analysis
We used a three-step approach to perform genome wide association study (GWAS) of disability. In the first step, a logistic regression model (PLINK (Purcell et al. 2007) ) was fitted to evaluate the associations between SNPs and the binary disability index in each study. All models were adjusted for age (all studies) and sex (CHS, FHS, and HRS). The models were not adjusted for principal components because of their trivial effect in these populations of European ancestry. In the second step, we selected SNPs that attained nominal significance (p < 0.05) in GWAS of FHS. We re-evaluated these associations using a generalized estimating equation (GEE) mixed-effects model (GWAF package in R) to correct for potential familial clustering in the FHS family-based data (Manichaikul et al. 2012 ). In the third step, we performed meta-analysis (fixed-effect meta-regression) using METAL software (Willer et al. 2010) to increase the power to detect statistically significant associations by pooling the results from step 1 (all studies except FHS) and step 2 (FHS only). We followed the discovery-replication strategy selecting SNPs attaining nominal significance (p < 0.05) either in WHI GARNET (9,076 SNPs) or HRS (4,984 SNPs) studies. Then, we performed meta-analysis for these selected SNPs using all studies.
Polygenic risk scores
We computed polygenic risk scores (PRS) by aggregating statistical effects for minor alleles of all SNPs (PRS all ) and of SNPs that have positive (PRS P ) or negative (PRS N ) effect beta separately. We evaluated PRS as simple counts (unweighted) and weighted sums of disability-associated alleles identified by our GWAS meta-analysis. We conducted logistic regression analyses in each study using the GEE model to examine the associations between PRS and disability, after controlling for age and sex. Finally, we conducted meta-analysis using METAL software (Willer et al. 2010 ).
Heterogeneity
We used Cochran's Q test for heterogeneity implemented in METAL software (Willer et al. 2010 ) and evaluated the heterogeneity coefficient I 2 and p value. The I 2 can be interpreted as the percentage of the total variability in a set of effect sizes due to between-sample variability.
Mapping to genes
SNPs were mapped to genes using the Ensembl genome browser 97 (https://ensembl.org) and NCBI SNP database (assembly GRCh38.p13). If an index SNP was not within protein coding gene, the closest up-and/or downstream gene(s) was(were) assigned. We considered distance within ± 700 Kb flanking region of the gene(s) as affected genes can be far away (often up to 2 Mb) from the associated SNP (Brodie et al. 2016 ).
Bioinformatics analysis
We used the core analysis function in the Ingenuity Pathway Analysis (IPA) bioinformatics tool (www. qiagenbioinformatics.com) to examine enrichment of genes for the disability-associated SNPs in pathways, diseases, and biological functions. IPA was also used to carry out a comparative analysis between different gene sets. The results were scored on the basis of the negative base-10 logarithm of the p value or the untransformed p value provided by the Fisher's exact test implemented in IPA. These analyses were supported by manual analysis of gene functions.
Results
Associations with disability
Disability-associated SNPs selected based on nominal significance (p < 0.05) at the discovery stage (see BMethods^) either in WHI GARNET or HRS studies were examined in the other three independent datasets (WHIMS, CHS, and FHS). Meta-analysis of the results identified 30 SNPs in 19 loci at p < 10 −4 ( Table 2 ). Loci on the same chromosome were considered as independent if SNPs were spaced by more than~1 Mb. Four SNPs on chromosomes 2, 8, and 12 attained suggestive level of significance, p < 10 −5 . For most SNPs, the effect directions were consistent across all studies. Minor alleles of 11 SNPs in 7 loci showed beneficial association with disability whereas minor alleles of the remaining 19 SNPs were adversely associated with disability. Linkage disequilibrium (LD) analysis identified 22 SNPs in 19 loci considered as non-correlated, with pairwise LD r 2 < 20%. Although two SNPs on chromosome 2 were in the same locus 3, LD between them was r 2 = 2% and, therefore, they were considered as independent. These 22 SNPs (Table 2) were used to construct PRS P and PRS N (see BMethods^). In addition, we also constructed PRS all , which aggregated effects of minor alleles of all 30 SNPs.
PRS P attained genome-wide significance (p < 5 × 10 −8 ) in each of the two discovery studies, WHI GAR-NET and HRS, whereas PRS N in the HRS only (Table 3) . As expected, PRS all showed the least significant associations because positive and negative effects of minor alleles tended to cancel out. The effect of each PRS was replicated in independent studies, although the association of PRS N with disability did not attain nominal significance in the FHS. Because we used weights to construct PRS from our own meta-analysis of all five studies (Table 2) , we verified that weights did not bias the results of replication of PRS in independent studies. This was done by evaluating unweighted PRS as simple count of the effect alleles (Table S1 in Online Resource 2). These estimates resembled those for the weighted PRS.
Biological role
The identified 30 SNPs were mapped to 25 genes (see BMethods^) (Table 4 ). Of them, 16 SNPs were located within 13 functional genes. Eleven SNPs were either located in regulatory regions or were in strong LD (r 2 ≥ 0.7) with variants in regulatory regions. Three sets of genes were selected for further analyses: (i) all 25 genes, (ii) 18 genes corresponding to SNPs with adverse effects of the minor alleles (positive direction of the effect beta), and (iii) seven genes corresponding to SNPs with beneficial effects of the minor alleles (negative direction of the effect beta). These sets were referred to as PRS all , PRS P , and PRS N , respectively, as these genes were for the corresponding SNPs. The IPA core analysis identified 15 canonical pathways that attained conventional (p < 0.05) significance in any of these three sets (Fig. 1 , Table S2 in Online Resource 3). Pathways enriched for genes from the adverse PRS P set were not enriched in the beneficial PRS N set and vice versa. The top pathways for the PRS N set, Glutathione redox reactions II and Ascorbate recycling (cytosolic) pathways, accent on a role of glutathione/glutaredoxin system in defense against oxidative stress. The top pathway for the adverse PRS P set Citrulline-nitric oxide cycle (along with the related pathways including nNOS signaling in skeletal muscle cells and nNOS signaling in neurons) suggests a role of nitric oxide (NO) production and neuronal nitric oxide synthase (NOS1) signaling in tissue homeostasis. Central to the regulation of inflammation, immunity, and acute phase responses, NF-κB signaling is linked with NO production and NOS1 (Baig et al. 2015; Qu et al. 2001) .
The IPA analysis identified relevant categories of diseases and biological functions, and their associated genes. Top 50 categories of diseases and functions and their subcategories are listed in Table S3 (Online Resource 4) for the PRS all set. Figure 2 shows top subcategories of diseases and functions characteristic for the PRS all set in comparison with their enrichment in the PRS P and PRS N sets. Table S4 in Online Resource 5 presents the results of the IPA analysis specified for diseases and disorders for the three sets. Each functional category in Table S4 (Online Resource 5) represents a collection of associated subcategories each of which has an associated p value.
In general, the most significant diseases and functions were related to organismal development, organismal injury and abnormalities, cardiovascular, nervous and visual systems development and function, cell morphology, cellular assembly and organization, cellular function and maintenance, cellular growth and proliferation, and cell signaling ( Table S3 in Online Resource 4). The top subcategories for the PRS all set were related to vision (i.e., retinal neovascularization, development of choroid), formation of cellular protrusions, proliferation and maturation of chondrocytes, etc. (Fig. 2 and Table S3 in Online Resource 4). Comparative analysis showed overlap of some significant subcategories of diseases and functions between the adverse PRS P and beneficial PRS N sets, i.e., retinal neovascularization, transmembrane receptor protein serine/ threonine kinase signaling, and proliferation and maturation of chondrocytes. The PRS P set was characterized by subcategories related to nervous system and bone volume. In line with the pathway analysis, the beneficial PRS N -specific subcategories linkage of glutathione and deglutathionylation of L-cysteine supported a role of glutathione/glutaredoxin system.
The IPA analysis links the most significant disease categories to the disability-related health conditions such as neurological and psychological disorders, ophthalmic diseases, musculoskeletal/connective tissue disorders, cancer, and cardiovascular diseases (Table S4 in Online Resource 5). Disease categories such as organismal injury and abnormalities and skeletal and muscular disorders were consistently higher ranked in each of the three gene sets. Apart from these categories, the beneficial PRS N set was characterized by developmental/hereditary disorders, gastrointestinal, endocrine, and dermatological diseases, whereas the adverse PRS P set included larger number of The IPA and manual analyses identified 23 genes involved in nervous system development, maintenance of neurological processes, and neurological disorders, i.e., BMPR1B, BRD1, CDH13, CHRM3, FARP2, FBN3, IGFBP3, GLRX, HDLBP, HNMT, MITF, MYO16, MYO5B, NOS1, PTH2R, SEMA6A, SEPTIN2, SLC2A13, TAFA5, TNFSF13B, TRPS1, VPS26C, VWC2L. Most of these genes were also related to musculoskeletal system development, maintenance and repair, and/or were associated with musculoskeletal disorders (all the above, apart HNMT, plus PLEKHM3). IPA implicates eight genes in formation and function of cellular protrusions (see Table S3 in Online Resource 4, formation of cellular protrusions subcategory), which are important for cell migration and cell-cell communication. Indeed, five of these genes (CFAP53, MYO5B, NOS1, SEPTIN2, VPS26C) complemented by two genes identified by the manual analysis (CHRM3, FBN3) were involved in formation and function of primary cilia, microtubular protrusions present on the apical surface of most vertebrate cells, and/or in ciliopathies. Genes implicated in development of chondrocytes (the only resident cells in the articular cartilage), differentiation of osteoblasts or bone-forming cells, mineralization of bone matrix, and osteoarthritis (OA) were characteristic for the beneficial PRS N set. For the adverse PRS P set, genes affecting musculoskeletal system contributed to bones, cartilage, and skeletal muscles formation and age-related changes. Specifically, BRD1, CHRM3, FARP2, IGFBP3, MITF, NOS1, SEMA6A, TAF5, and TNFSF13B genes were involved in bone-resorbing osteoclasts formation and function, and/or mediated bone loss-related diseases including osteoporosis and rheumatoid arthritis.
Discussion
We performed GWAS of disability following the discovery-replication strategy using the WHI GARNET study and HRS as discovery sets and independent WHIMS, CHS, and FHS datasets as replication studies. Our analysis identified 30 promising disabilityassociated SNPs in 19 loci at p < 10 −4 , although only four of them attained suggestive level of significance, p < 10 −5 . In contrast, the PRS aggregating statistical effects of minor alleles that were adversely (PRS P ) or beneficially (PRS N ) associated with disability showed highly significant associations in meta-analysis, p = 3.13 × 10 −45 and p = 5.60 × 10 −23 , respectively, and were replicated in each study.
The discovery of adverse and beneficial PRS for a complex trait such as late life disability supports the general concept of geroscience, which postulates age/ aging as major risk factors for geriatric traits of distinct etiologies (Kaeberlein et al. 2015) . Indeed, disability results from chronic conditions, including both acute events, such as hip fracture and stroke, and slowly progressive diseases, such as arthritis and CVD (Fried Fig. 1 Enrichment of canonical pathways in three gene sets. PRS all , PRS P , and PRS N indicate polygenic risk scores aggregating effects for minor alleles of all SNPs, and SNPs with positive and negative directions of the effects, respectively. Color coding for -log10(p value) is given in the inset. Numerical estimates are given in Table S2 in Online Resource 3 Fig. 2 Enrichment of diseases and biological functions in three gene sets. PRS all , PRS P , and PRS N indicate polygenic risk scores aggregating effects for minor alleles of all SNPs, and SNPs with positive and negative directions of the effects, respectively. Color coding for -log10(p value) is given in the inset. Numerical estimates for PRS all are given in Table S3 in Online Resource 4 and Guralnik 1997) . The presence of a single chronic condition is already a significant risk factor for functional decline with a steep increase in the risk in the case of multimorbidity (Guralnik et al. 1993 ). An increased risk of disability was associated with cognitive impairment, depression, increased and decreased body mass index, lower extremity functional limitation, low frequency of social contacts, low level of physical activity, no alcohol use compared to moderate use, poor selfperceived health, smoking and vision impairment (Stuck et al. 1999) . Disability may also develop due to non-specific factors such as frailty (Fried et al. 2001; Kulminski et al. 2006; Rockwood and Mitnitski 2011) .
Our bioinformatics analysis supports the results of the statistical analyses by highlighting pathways, diseases and biological functions which include the aging/disability-related genes. Indeed, the top pathways and specific functions characteristic for the beneficial set of genes for SNPs associated with PRS N highlighted the glutathione/glutaredoxin system playing a role in redox balance and antioxidant defense reactions (Hayes and McLellan 1999) . Oxidative stress is associated with aging and various pathological conditions including cardiovascular and neurodegenerative diseases, macular degeneration, autoimmune disorders, and cancer (Davies et al. 2017; Liguori et al. 2018; Martin et al. 1996; Pham-Huy et al. 2008; Xiong et al. 2011) . Genes for these pathologies tend to be less enriched in the beneficial PRS N set (Table S4 in Online Resource 5). For the adverse PRS P set, we identified a role of NO production by NOS1. NO and NOS1 are linked with the immune-related NF-κB signaling pathway-highlighting a role of redox molecules, such as NO, and the immune system in cell/tissue damage or protection (Bogdan 2001; Finch 2018; Wink et al. 2011) .
The top categories of diseases in all sets included organismal injury and abnormalities, and musculoskeletal disorders. While the latter are not highly lethal, they often lead to disability affecting about 50% of US adults and about 75% of the elderly aged 65+ years (Theis et al. 2019; Yelin et al. 2016) representing thus the most common cause of disability (Lewis et al. 2019) .
The analysis of diseases and functions complemented by gene analysis also showed enrichment of genes implicated in the formation of primary cilia, which play a role in sensing both mechanical and chemical changes in the extracellular environment and signal transduction (Wheway et al. 2018) . Primary cilia coordinate signaling pathways involved in development and tissue homeostasis. Particularly, they are important in coordinating neuronal migration, in photoreception, development and maintaining cartilage, bone and skeletal muscle cells (Haycraft and Serra 2008; Veland et al. 2009; Wheway et al. 2018) . Ciliary defects can cause various human diseases (ciliopathies) (Baker and Beales 2009) .
Gene analysis further strengthens the connections of genes with disability due to musculoskeletal disorders. For example, the beneficial PRS N set supported enrichment of genes that contribute to chondrogenesis or chondrocyte hypertrophy and bone-forming osteoblast differentiation, which may regulate human articular cartilage homeostasis and affect osteoarthritis (OA) progression (Findlay and Atkins 2014; Goldring 2012). Specifically, transcription factor TRPS1, which is associated with trichorhinophalangeal syndrome, an autosomal dominant skeletal dysplasia, is involved in chondrogenesis through the control of several signaling molecules (Wuelling et al. 2009 ) and regulates the global acetylation of histones in chondrocytes (Wuelling et al. 2013) . Also, TRPS1 contributes to osteoblast differentiation (Piscopo et al. 2009 ). The parathyroid hormone-2 receptor (PTH2R) plays a role in the control of proliferation and differentiation of growth plate chondrocytes (Akesson et al. 2015; Panda et al. 2009 ). Variation in the PTH2R is associated with age-related vertebral degenerative changes (Akesson et al. 2015) and may contribute to early-onset generalized OA (Meulenbelt et al. 2006 ). Interestingly, TRPS1 may inhibit the hypertrophic differentiation of chondrocyte through regulation of another member of the parathyroid hormone family, PTHrP, which is inactive on PTH2R (Nishioka et al. 2008) . This function supports a role of the parathyroid hormone system in the regulation of chondrocyte proliferation and differentiation in the beneficial PRS N set that may promote OA (Sun and Beier 2014) . A loss of articular cartilage is a key factor in development of OA, which is one of the major causes of disability (Rahmati et al. 2017) .
Overexpression of glutaredoxin (GLRX), an endogenous antioxidant enzyme, inhibits oxidative stress and apoptosis in OA chondrocytes that may prevent cartilage degeneration (Sun et al. 2017) . VWC2L gene accelerates bone formation by modulating Osterix, an osteoblast-specific transcription factor (Ohyama et al. 2012) . Fibrillin FBN3, primarily expressed during development, may be involved in chondrocyte differentiation and bone growth and development (Sabatier et al. 2011) . Expression of CDH13 adiponectin receptor gene was detected in cartilage chondrocytes and it may play role in cartilage development (Khanshour et al. 2018) . Adiponectin is a novel key element in the maintenance of cartilage homeostasis and it has been implicated in the pathogenesis of OA (Kang et al. 2010) . Proton-coupled myo-inositol cotransporter SLC2A13 plays a key role in the control of brain myo-inositol (Uldry et al. 2001) . Myo-inositol is important for the osmoprotective response in brain. Changes in myo-inositol levels are observed in brain injury and aging (Harris et al. 2014) . It also may affect osteogenesis and bone formation (Dai et al. 2011) .
Thus, the results of our biological analysis support the connections of genes for the identified SNPs with disabling and age-related conditions. Our analysis highlights the contributions of oxidative/nitrosative stress, inflammation, and signaling through the primary cilium to various disability-related conditions. Development and maintenance of the musculoskeletal system are important components in the identified pathways, diseases, and biological functions that is consistent with the selected ADLs representing the primary musculoskeletal components of late life disability. The beneficial PRS N and adverse PRS P gene sets may be differently implicated in the development of musculoskeletal-related disability. Regulation of chondrocyte proliferation/apoptosis and bone formation/mineralization, and degenerative joint diseases such as OA were characteristic for the beneficial gene set. Bone degradation by osteoclasts as well as bone loss and inflammatory conditions such as osteoporosis and rheumatoid arthritis were characteristic for the adverse set.
Despite rigor of this work, we acknowledge its limitations. First, this study oversamples women because it includes two women focused cohorts. Second, we partly relied on imputed SNPs as not all of them were directly genotyped in all studies. Third, while HRS was designed to characterize disability in a nationally representative sample, this was not the focus of the other studies.
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